The host-specific toxin produced by Helminthosporium maydis, race T, causes 50% inhibition of dark fixation of "4CO2 by leaf discs of susceptible (Texas male sterile) corn when it is diluted to approximately 1/10,000 of the volume of the original fungus culture filtrate. Dilutions of 1/10 or less are required for equivalent inhibition of discs prepared from resistant (N) corn. Root growth and photosynthesis were considerably less sensitive (dilution values 1/3000 and 1/1200, respectively), as was leakage of "C induced by toxin from preloaded discs. Based on literature values for dilutions causing ion leakage or inhibition of mitochondrial oxidation, toxin dilutions several orders of magnitude greater bring about inhibition of dark CO2 fixation. Preincubation of discs in light increased sensitivity of dark fixation to toxin and an effect of light on symptom development was shown. Phosphoenolypruvate carboxylase activity in extracts of roots or leaves was not affected by toxin nor was the enzyme level altered in excised leaves treated with toxin. Inhibition of dark fixation of C02 provides a bioassaay for race T toxin which is both reliable and rapid.
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The host-specific toxin produced by Helminthosporium maydis, race T (12), affects a variety of processes in corn cultivars possessing Texas male sterile (Tms) cytoplasm. It had been suggested (13) , but later modified (2) , that the primary effect may lie in a disturbance of mitochondrial oxidation. A mitochondrial target site would be consistent with increased leakage of ions (6, 7) and inhibition of root growth and pollen tube elongation (11) of corn susceptible to the toxin. In addition to these effects, a drop in transpiration and photosynthetic rates caused by toxin was ascribed to stomatal closure induced by alteration of K+ flux in guard and subsidiary cells (1) . At the enzyme level, there appears to be specific inhibition by the toxin of an ATPase present in the microsomal fraction obtained only from Tms corn (28) .
Host-specific toxins affecting oats (3, 17) , corn (18, 20) , and sorghum (20) ions induced by most of these toxins has centered attention on host membranes as a site of action (5, 19, 21, 22) . A major problem in the identification of a primary site for race T toxin is the considerable variation in toxin dosage and time of exposure that has been reported for each effect. In this laboratory, for example, 50% inhibition of susceptible corn root growth can be achieved with 1/3000 dilution of race T toxin, whereas dilutions of 1/ 10 to 1 / 100 apparently are required for rapid induction of ion leakage (6, 7) or inhibition of mitochondrial oxidation (9, 13, 16) .
At present, it is impossible to decide whether the variations arise from differences in toxin potency, the nature of the assay systems employed, or fundamental differences in the innate sensitivity of the processes under examination. It seems reasonable that the primary site would show the greatest sensitivity; that is, would require the least amount of toxin for a response.
As a first approach to the problem, a quantitative bioassay for standardizing activity of toxin from various sources becomes essential. Inhibition of root growth has been used for other host specific toxins. Although usable for race T toxin, we have found this method time-consuming, tedious, and unreliable because of variations in seed germination and seedling vigor. During studies of the effect of T toxin on several physiological and biochemical processes of corn leaves, we observed significant reduction in dark fixation of CO2. In addition to its intrinsic interest in connection with a mode of action, we also have found the phenomenon to be useful as a reliable, sensitive, and rapid bioassay. A planchet containing 1 ml of 3 N H2SO4 then was placed in the center of the chamber. After sealing with vacuum grease, the chamber was covered with aluminum foil, and "CO2 was released by injecting 0.5 ,.umole of NaH"CO2 into the acid through a serum stopper. After correcting for the volumes of planchets and liquid, the amount of CO2 in the air space of the chamber was 3.5 ,umoles (specific radioactivity approximately 1 X 10' dpm/umole). The air inside the chamber was mixed quickly with the help of a large syringe.
MATERIALS AND METHODS
After 2 hr of exposure to "4CO2 in the dark, the chamber cover was removed in a fume hood. After allowing the discs to sit for 15 min in the dark, 4 to 10 discs were transferred to a scintillation counting vial containing 0.5 ml of digestion mixture, prepared by mixing 60% perchloric acid and 30% H2O2 in 1:2 ratio. The vials were capped and incubated for 1.5 hr at 70 C. After cooling, 10 ml of scintillation fluid were added. Scintillation fluid was prepared by mixing 15 g of Omnifluor (New England Nuclear), 1 liter of toluene, and 1 liter of Triton X-100. Samples were counted in a Nuclear-Chicago liquid scintillation spectrometer.
In carrying out dark CO2 fixation assays, it was observed occasionally that fixed CO2 was released in the first few minutes after discs were collected. To minimize these effects, we routinely removed all replicates of a dilution series in planned sequence rather than at random. In addition, nontoxin-treated control discs were harvested at the start, near the middle, and at the end of a dilution series.
Photosynthetic "CO2 Uptake. After preincubation of leaf discs as above, no more than 300 discs in planchets were transferred to Plexiglas chambers of 1.6 liters held at 26 C in the growth rooms in which corn was grown. While the chambers were darkened, sufficient '4CO2 was generated to provide 0.1% in the gas phase. After 10 to 15 min, the discs were exposed to fluorescent light at 2500 ft-c. In tests with 200 nontreated discs per chamber, the gas phase was sampled periodically. After a lag of 3 to 4 min in the light, uptake was linear for at least 40 min. The CO2 concentration was reduced by half at 20 to 25 min. Consequently, additional "CO2 was generated at that time during experiments in order to restore the original concentration. Photosynthetic "CO2 uptake was terminated by darkening at 50 min and processing the discs as for dark CO2 fixation.
Phosphoenolpyruvate Carboxylase (EC 4.1.1.31) Assays. Extracts of leaves and washed roots of corn were prepared essentially as described by Ting and Osmond (27) . PEP2 carboxylase activity was measured by NADH oxidation in the presence of 1000 added units of malate dehydrogenase (27) . Extract equivalent to 0.1 g of root tissue yielded suitable reaction rates, while amounts equivalent only to 0.02 to 0.04 g were satisfactory for leaf material.
Root Bioassay. Our best results were obtained with the following procedures. Corn seeds, water-soaked for 8 to 10 hr, were surface-sterilized with 70% alcohol for 1 min and placed on sheets of moistened germination paper, which then were rolled into a cylinder. After covering with aluminum foil, they were incubated at 26 C for approximately 40 
RESULTS
With host-specific toxins of high potency and/or hosts of great sensitivity, such as victorin and oats in which effects can be noted at dilutions of 106 or 10', the dilution causing 50% inhibition can be estimated satisfactorily from graphs. With race T toxin, the range of dilutions for which effects can be measured quantitatively is not as large and statistical treatment was found to be important. A program was written utilizing the statistical hardware of a Monroe 1860 calculator in which individual measurements, or averages constituting replicates, were converted to percentage of control (no toxin treatment) at each dilution value, expressed as the negative log of dilution (P dilution). When "C was a component of the bioassay, a program subroutine converted gross counts to dpm.
The calculator programs generated the regression line, correlation coefficient, the dilution, or concentration at 0% of control (intercept with x-axis) and at 50% of control. The literature on toxin is concerned with dilution values for percentage inhibition of a process (100 minus per cent of control) but when percentage inhibition is plotted, the intercepts of either the x-or y-axis have no physical significance. For consistency with previous literature, the data were converted to percentage inhibition. For comparative purposes, the dilution corresponding to 50% inhibition was preferred because it is least influenced by sample variation, found particularly at higher dilutions.
Dark Fixation of CO2. Figure 1 shows the effect of race T toxin, preparation A, on the dark fixation of CO2 by W64A-Tms and W64A-N corn leaves. The points of Figure 1 consist of the average of three replicates but the regression line was generated from individual values of the replicates.
The fixation by control, nontreated tissue amounted to approximately 0.045 mg CO2 dm-2 hr-', a typical value under these conditions.
The protocol in these studies included a 6-hr exposure to light prior to the period of dark fixation of CO2 for several reasons. Previous experience with wheat leaves (4) had suggested a diurnal increase in dark CO2 fixation rates caused by light. Other studies indicated an effect of light on the action of toxin in corn leaves (see "Discussion"). Table I indicates that the length of the light pretreatment determines sensitivity of dark fixation to the toxin.
The data of Table I do not permit a distinction to be drawn between effects of light and effects caused by length of exposure to toxin, but the experiment summarized in Figure 2 shows that light has an influence on toxic action. All discs were placed in buffer and toxin at the indicated dilutions for 0.5 hr under 1300 ft-c for fluorescent light, rinsed with distilled H20, then transferred to buffer alone for 6.5 hr. Dark fixation was carried out for 1 hr in 0.1% CO2. The shortened time of exposure to toxin decreased the dilution causing 50% inhibition from approximately 10,000 ( Fig. 1) to 3000 at the usual light The number in parenthesis is the correlation coefficient of the best-fit line generated by individual replicates. Arrows pointing toward abscissa indicate the dilutions required for 100% inhibition. Arrows pointing toward the ordinate indicate dilution for 50% inhibition.
intensity of 1300 ft-c for the bioassay. At each dilution, however, the inhibition observed at a light intensity of 300 ft-c was significantly lower, resulting in a calculated dilution of 1/600 for 50% inhibition of fixation.
The concentration of CO2 and the length of time for dark fixation also was examined. Total fixation increased with time at 0.03% CO2 (15,000, 22,900, and 27,600 dpm/untreated disc at 1, 2, and 3 hr, respectively), but the percentage of inhibition was not affected appreciably. One hr fixation of 0.1% CO2 was the equivalent of 2 hr at 0.03%.
Arntzen et al. (1) reported that stomatal closure was involved in an effect of toxin on photosynthesis and transpiration of Tms corn. They indicated that the specific action of toxin was similar to that of ABA. Dark fixation of CO2 should be less affected than photosynthesis if stomatal closure is a major factor. Table II shows the reverse to be true. In this experiment, dilution of a crude extract of toxin caused 50% inhibition of dark fixation of CO2 at 1/11,000, while 50% inhibition of photosynthesis required a dilution of 1/1200. The rate of photosynthesis was 5.5 mg CO2 dm-2 hr-1 or 1 mg hr-1 on the basis of 1 mg of Chl. Further, the action of toxin on Tms corn of both processes parallels the effect of HPMS, another compound known to induce stomatal closure, rather than ABA (Table II) . Arntzen et al. (1) reported effects in less than 60 min with excised leaves allowed to take up toxin in the transpiration stream. Shorter duration of treatment reduces the effectiveness of race T toxin, but the differential inhibition of dark fixation of CO2 by HPMS on both Tms and N corn still is observed with only 1 hr of treatment of leaf discs (Table III) .
An obvious site for action of toxin in inhibiting both dark and light fixation in corn is PEP carboxylase, but dilutions of 1/30 or 1/300 did not directly inhibit PEP carboxylase prepared from Tms leaves when added directly to the assay mixture. Preincubation of enzyme extract with toxin in ratios of 1:2 for as long as 100 min had no measurable effect. Ting and Osmond (27) have described kinetic differences among Figure 3 . Table IV gives calculated dilution values for 100 and 50% inhibition of several different preparations of toxin each assayed from 1 week to several months after storage at -20 C. The slopes are included because they can be an important measure of relative sensitivity independent of the value for 50% dilution. In assays conducted for other purposes and not shown in Table  III , toxin prep A showed additional values of 11,500, 11,500, + Dil. Leaf discs were exposed to various dilutions of toxin for 30 min at a light intensity of 1300 ft-c. After rinsing with distilled H20, the discs were incubated without toxin for 6.5 hr at light intensities of either 300 (X) or 1300 (0) ft-c. Dark i4CO2 fixation was carried out at 0.1% CO2 for 1 hr. Figure 4 presents one of the better results of a toxin bioassay based on root growth inhibition. A comparison with Figure 1 indicates that root growth is much less sensitive to An unexpected aspect of the inhibition of dark CO2 fixation by race T toxin was the effect of light (Fig. 2) . Potentiation of toxin action by light has not been reported, but influences of light on visual symptoms have been observed in our laboratory. For Figure 5 , leaves were wrapped in Saran wrap to limit transpirational losses and alternate sections were banded with aluminum foil before immersion of cut ends into toxin for 72 hr. The darkened (D) areas of Tms corn retained Chl, whereas areas exposed to light (L) were completely bleached. It was shown that toxin is present in the sections which retained Chl by the fact that these sections bleach rapidly when excised and exposed to light in the absence of additional toxin. As illustrated in Figure 5 , darkened sections of toxin-treated Tms leaves often appeared to retain more Chl than darkened portions of toxin-treated N or untreated T and N leaves. 
DISCUSSION
For the processes we have compared directly with equivalent toxin preparations, dark fixation Of CO2 consistently has been the most sensitive, perhaps because it is affected through an action of toxin that is different from the action responsible for other measurable responses. Arntzen et al. (1) Inhibition of mitochondrial oxidation is observed at reported dilutions of 1/20 to 1/100 but there did not appear to be a decrease in inhibition with dilution over that range (13) . It is not clear whether the dilutions were based on the toxin content of the original culture filtrates as we have done. In subsequent papers (1, 2) the crude filtrate first was concentrated 10-fold. In other studies with mitochondria (9, 16), preincubation with dilutions of 1/ 100 apparently were required for rapid inhibition. Similarly, it appears that high levels of toxin are required for the specific inhibition of an ATPase from Tms corn (28) . Although the protocol in that paper is not clear, a companion article (7), indicates that the same toxin routinely was used at concentrations equivalent to 1/10 dilutions of original filtrate.
The high level of toxin required in those studies is not expected for essentially enzymatic processes, with no significant diffusion barriers. The effects observed are very rapid, however, in contrast to the longer periods required for substantial inhibition of dark CO2 fixation or for ion leakage. In the latter instance, 1/ 10 dilutions of race T toxin caused significant increases in leakage only after 1 (7) and 3 (6) (24, 26) presented a standard bioassay curve for the H. sacchari toxin which indicated that a purported concentration of 108 moles caused a lesion 9 cm long. Since the leaf puncture assays for both sugarcane and race T toxins are comparable, the lesion length would indicate that the sugarcane-H. sacchari system has greater sensitivity than the corn-H. maydis system or that the toxin diffuses more rapidly. In a later paper (25) (Fig. 3) . In this respect, there has been no reported success so far with other bioassays which are available.
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